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(57) ABSTRACT 

Fine tuned signal phase adjustments are provided by mul 
tiple cascaded phase mixers. Each phase mixer outputs a 
Signal having a phase between the phases of its two input 
Signals. With each Subsequent Stage of phase mixers, the 
Signals generated by the phase mixers have a Smaller phase 
difference, thereby providing finer delay adjustments. Mul 
tiple Stages of phase mixers can be provided in digital 
delay-locked loop circuitry to provide additional hierarchi 
cal delay adjustment. 
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DIGITAL DELAY-LOCKED LOOP CIRCUITS WITH 
HIERARCHICAL DELAY ADJUSTMENT 

BACKGROUND OF THE INVENTION 

0001. This invention relates to digital delay-locked loop 
(DLL) circuits. More particularly, this invention relates to 
digital delay-locked loop circuits with hierarchical delay 
adjustment. 
0002 Digital delay-locked loop circuits typically gener 
ate a clock signal based on a periodic reference signal (e.g., 
from an oscillator) that maintains a specific phase relation 
ship with that reference Signal. Digital delay-locked loop 
circuits are often used, for example, in high-Speed clocked 
memories Such as Synchronous dynamic random acceSS 
memories (SDRAMs). 
0003) A digital delay-locked loop circuit generally 
includes a variable delay line, a phase mixer, a phase 
detector, and control logic. The variable delay line includes 
delay units that are used to delay the reference signal by a 
predetermined time period (i.e., phase). The number of delay 
units indicate the number of possible unit delays (i.e., tUDs) 
that can be generated by the variable delay line. For 
example, a variable delay line having five delay units can 
delay the reference signal by one of five unit delays (e.g., 
tUD, 2tUD, 3tUD, 4tUD, or 5tUD). Each unit delay is 
typically a predetermined time increment (e.g., 100 or 200 
picoSeconds (ps)), which can also be measured by predeter 
mined phase increments (e.g., 10, 15, or 22.5). The 
variable delay line is set by the control logic Such that the 
variable delay line receives as input a reference Signal and 
outputs two delayed reference Signals having a one unit 
delay difference (tUD). The two delayed reference signals 
are input to the phase mixer. The phase mixer is also set by 
the control logic Such that the phase mixer generates a clock 
Signal having a phase between the phases of the two delayed 
reference Signals. The phase detector compares the phase of 
the clock Signal with the phase of the reference Signal to 
determine whether the phase of the clock signal needs to be 
increased or decreased to better match the desired output 
phase of the clock signal. The phase detector Sends a signal 
to the control logic indicating whether the phase of the clock 
Signal needs to be increased or decreased. Based on the 
output of the phase detector, the control logic Sends control 
Signals to the variable delay line and the phase mixer. 
0004. In current digital delay-locked loop circuits, two 
Stages of delay adjustment are provided. In a first stage, the 
variable delay line delays the reference Signal by a prede 
termined time period or phase. In a Second Stage, the phase 
mixer provides an additional delay that is Smaller than a unit 
delay from the variable delay line. The minimum delay 
adjustment for the variable delay line and phase mixer is 
limited by the amount of circuitry dedicated to providing the 
minimum delay adjustment and by the increase in charac 
teristic load on the variable delay line and phase mixer that 
results when providing additional phases with Smaller 
delayS. Consequently, known digital delay-locked loop cir 
cuits typically generate a clock signal having one of only a 
limited, predetermined number of phases based on the 
reference Signal. 
0005. In view of the foregoing, it would be desirable to 
provide a digital delay-locked loop circuit with hierarchical 
delay adjustment. 
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SUMMARY OF THE INVENTION 

0006. It is an object of this invention to provide a digital 
delay-locked loop circuit with hierarchical delay adjustment. 
0007. In accordance with this invention, a digital delay 
locked loop (DLL) circuit with cascading phase mixers 
provides fine delay adjustment of an output clock signal 
based on an input reference Signal. The digital delay-locked 
loop circuit can include one or two variable delay lines that 
receive as input a reference Signal and that output two 
delayed reference Signals having a predetermined time delay 
difference (e.g., a one unit delay (tUD)). 
0008. The two delayed reference signals are each input to 
the same two phase mixers. Each phase mixer outputs a 
Signal having a phase between the phases of the two delayed 
reference Signals. Control Signals are used to generate the 
phase of each output Signal. The control signals include data 
indicative of one of a number of possible intermediate 
phases, equally-spaced apart, that can be generated by each 
phase mixer. For example, two signals having a respective 
phase of 45 and 90 can be input to a phase mixer, which 
can then output a signal having a phase between 45 and 90. 
A control Signal can include data that directs a phase mixer 
to generate one of eight possible intermediate phases (e.g., 
50°, 55°, 60°, 65°, 70°, 75°, 80°, and 85). Different control 
Signals are used to control each phase mixer. In one embodi 
ment, the control Signals for each phase mixer are related 
Such that the Signals generated by each phase mixer have 
adjacent phases (e.g., 55 and 60). 
0009. The output of each phase mixer is input to a third 
phase mixer that outputs a signal having a phase between the 
phases of the Signals generated by the first two phase mixers. 
A control Signal is used to generate the phase of the output 
Signal. 

0010. In one embodiment, three stages of delay adjust 
ment are provided to generate the clock signal. In a first 
Stage, a variable delay line delays the reference Signal by 
two phases having a predetermined phase difference. In a 
Second Stage, two phase mixers are used to phase mix the 
two delayed reference signals to produce two Signals having 
phases between the phases of the two delayed reference 
Signals. In a third Stage, one phase mixer is used to phase 
mix the two Signals generated by the two phase mixers in the 
Second Stage to produce an output signal having a phase 
between the phases of the two Signals. 
0011. In another embodiment, additional stages of delay 
adjustment are provided to generate the clock signal. In this 
embodiment, phase mixers are cascaded Such that the Sig 
nals generated from the phase mixers in an immediately 
preceding Stage are input to phase mixers in a neXt Stage. 
With each Subsequent Stage of phase mixers, the phase 
mixers are phase mixing Signals having an increasingly 
Smaller phase difference, thus generating an output Signal 
having finer delay adjustments. 

0012. The use of hierarchical delay adjustment advanta 
geously allows the delay-locked loop circuit to produce a 
clock signal that can have fine tuning adjustments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 The above and other objects and advantages of the 
invention will be apparent upon consideration of the fol 
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lowing detailed description, taken in conjunction with the 
accompanying drawings, in which like reference characters 
refer to like parts throughout, and in which: 
0.014 FIG. 1 is a block diagram of a phase mixer in 
accordance with the invention; 
0.015 FIG. 2 is a circuit diagram illustrating a portion of 
the phase mixer of FIG. 1 in accordance with the invention; 
0016 FIG. 3 is a timing diagram of input and output 
Signals of a phase mixer in accordance with the invention; 
0017 FIG. 4 is a block diagram of a phase mixer block 
in accordance with the invention; 
0.018 FIG. 5 is a timing diagram of input and output 
signals of the phase mixer block of FIG. 4 in accordance 
with the invention; 
0.019 FIG. 6 is a block diagram of another embodiment 
of a phase mixer block in accordance with the invention; 
0020 FIG. 7 is a timing diagram of input and output 
signals of the phase mixer block of FIG. 6 in accordance 
with the invention; 
0021 FIG. 8 is a block diagram of a digital delay locked 
loop circuit that includes a phase mixer block in accordance 
with the invention; and 
0022 FIG. 9 is a block diagram of a system that incor 
porates the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0023 The invention provides a digital delay-locked loop 
circuit with hierarchical delay adjustment. FIG. 1 is a block 
diagram of one embodiment of a digital phase mixer in 
accordance with the invention. Phase mixer 100 receives 
two input signals 102 and 104 and two select signals 106 and 
108, and outputs a signal 116 having a phase between the 
phases of input signals 102 and 104. Input signals 102 and 
104 can be clock signals, data Signals, control Signals, or 
other types of signals. Input signals 102 and 104 can have 
phases (e.g., 0, 10, 36, 45, 90') that are any suitable 
degrees apart. (Although the invention is described herein 
primarily in the context of phase (e.g., with units of degrees 
or radians), the invention may also be described in the 
context of time (e.g., input signals 102 and 104 can be 100 
picoSeconds apart)). For more optimal performance, the 
maximum phase difference between input Signals 102 and 
104 is preferably less than about two to three times the total 
propagation delay time of phase mixer 100. The complement 
of select signals 106 and 108 (i.e., signals 106" and 08) can 
also be input to phase mixer 100. Alternatively, phase mixer 
100 can include circuitry (e.g., inverters) that generates the 
complement of select signals 106 and 108. 
0024 Select signals 106 and 108 can each include N 
Select bits that can be used to determine the phase of output 
signal 116 relative to the phases of input signals 102 and 
104. N can be any reasonable number (e.g., 5, 10). The larger 
the value of N, the greater the number of possible interme 
diate phases that can be generated. However, having too 
large a value for N increases the amount of circuitry required 
for phase mixer 100 which can also increase the character 
istic load of the circuitry, causing an undesirable change in 
the frequency of the output. 
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0025. The select bits in select signals 106 and 108 can be 
directly related to each other. For example, if p out of N 
Select bits are enabled in Select Signal 106 for input Signal 
102, then (N-p) select bits are enabled in select signal 108 
for input signal 104. The greater the number of select bits 
enabled for input Signal 102, the closer in phase output 
signal 116 is to input signal 102. The greater the number of 
select bits enabled for input signal 104, the closer in phase 
output signal 116 is to input signal 104. If the number of 
select bits enabled for input signals 102 and 104 are the 
Same, the phase of output signal 116 will be Substantially 
halfway between the phases of input signals 102 and 104. 
Although select signals 106 and 108 are described herein 
primarily in the context of separate signals 106 and 108 for 
clarity, one Select Signal can be input to phase mixer 100, 
which can then include circuitry (e.g., inverters) to generate 
the other Select Signal. 
0026. The phase relationship between input signals 102 
and 104 and output signal 116 can be represented by the 
following equation: 

(5(OUT) = f(INA): (pf N) + (5(INE): (N - p)f N + (5(Tpa) (1) 

= f(INA): K+ (b(INB): (1 - K) + (5(TPM) 

0027) (p=Phase 
0028) INA=First input signal 102 
0029) IN=Second input signal 104 
0030 OUT =Output signal 116 
0031 N =Number of select bits in select signals 
106/108 

0032 p=Number of select bits enabled for the first 
input signal 102 

0033 K=p/N=Weighting factor for signal INA 
0034 1-K=Weighting factor for signal IN 
0035. T=Propagation delay time 

0036) The phase of output signal 116 is the sum of three 
components. The first component is the phase of the first 
input signal 102 times its weighting factor (K). The weight 
ing factor of input signal 102 is the number of select bits in 
select signal 106 that is enabled (p) divided by the total 
number of select bits (N). The second component is the 
phase of the Second input Signal 104 times its weighting 
factor (1-K). The weighting factor of input signal 104 is the 
number of select bits in select signal 108 that is enabled 
(N-p) divided by the total number of select bits (N). The 
third component is the phase of the total propagation delay 
(TPM), which is determined by multiplying the total propa 
gation delay by 360 (or 21) and dividing the result by the 
period of input signals 102 and 104. Although not shown, 
Secondary factors may also affect the phase of output Signal 
116 including, for example, the sizing of the transistors used 
to implement phase mixer 100. 
0037) Phase mixer 100 includes two driving blocks 110 
and 112 and an inverter 114. Input signal 102 and select 
signal 106 are input to driving block 110. Driving block 110 
uses Select Signal 106 to produce an output with a phase that 
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is proportional to the relative weight of input signal 102 to 
output signal 116. Input signal 104 and select signal 108 are 
input to a second driving block 112. Driving block 112 uses 
Select Signal 108 to produce an output with a phase that is 
proportional to the relative weight of input signal 104 to 
output signal 116. The outputs of driving blocks 110 and 112 
are coupled Such that the phases of the generated outputs are 
Summed together and input to inverter 114. Inverter 114 
inverts the logic State of its input signal (i.e., from binary “1” 
to binary “0” or from binary “0” to binary “1”) to produce 
output signal 116. 

0038. Each of driving blocks 110 and 112 can include the 
circuitry shown in FIG. 2. Driving block 200 receives an 
input signal 202(e.g., signal 102 or 104), a select signal 204, 
and complement select signal 204' (e.g., signals 106/106" or 
108/108). Select signal 204 and its complement signal 204 
can each have N select bits. Driving block 200 includes a 
driving unit 210. The number of driving units 210 can be the 
number of bits (e.g., N) in select signal 204 or other number. 
Each driving unit 210 includes two p-channel metal-oxide 
semiconductor (PMOS) transistors 212 and 214 and two 
n-channel metal-oxide semiconductor (NMOS) transistors 
216 and 218 connected in series between a power voltage 
220 and a ground voltage 222. The gate of PMOS transistor 
212 is coupled to receive one of the bits of complement 
Signal 204' while the Source is connected to power Voltage 
220. The gate of NMOS transistor 218 is coupled to receive 
a corresponding bit of Select signal 204 while the Source is 
connected to ground voltage 222. The gates of PMOS 
transistor 214 and NMOS transistor 216 in each driving unit 
210 are coupled to an input node 202 while the drains are 
tied to an output node 224. (A signal received at node 202 
will hereinafter be referred to as signal 202 while a signal 
output from node 224 will hereinafter be referred to assignal 
224.) 
0039. Although the phase mixer is described herein pri 
marily in the context of PMOS and NMOS transistors, any 
Suitable gate or combination of gates may be used to 
implement a phase mixer in accordance with the invention. 
FIGS. 1 and 2 are merely illustrative of one embodiment of 
a phase mixer. In another embodiment, for example, the 
phase mixer can be implemented as a differential digital 
phase mixer. 
0040 FIG.3 shows a timing diagram 300 illustrating the 
operation of an ideal phase mixer that has Zero propagation 
delay. For example, Suppose a first input signal INA (e.g., 
Signal 102) has a phase of 90 and a second input signal IN 
(e.g., signal 104) has a phase of 180° such that the phase 
difference between the two input signals is 90. Suppose also 
that two select signals (e.g., signals 106/108) each have four 
select bits (e.g., N=4). With four select bits, a phase mixer 
(e.g., phase mixer 100) can generate an output signal that has 
the same phase as either one of the input Signals or one of 
three intermediate phases (e.g., 112.5°, 135°, or 157.5) If 
four Select bits (e.g., p=4) are enabled for the first input 
Signal INA, the phase mixer can output the first input Signal 
INA. If three select bits (e.g., p=3) are enabled for the first 
input Signal INA and one Select bit is enabled for the Second 
input signal IN, the phase mixer can output a signal 302 
having a phase (e.g., 112.5) between the phases of the two 
input Signals, but closer to the phase of the first input Signal 
INA. If two select bits (e.g., p=2) are enabled for the first 
input signal INA and two Select bits are enabled for the 
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Second input signal IN, the phase mixer can output a signal 
304 having a phase (e.g., 135) halfway between the phases 
of the two input signals. If one select bit (e.g., p=1) is 
enabled for the first input signal INA and three select bits are 
enabled for the Second input signal IN, the phase mixer can 
output a signal 306 having a phase (e.g., 157.5) between the 
phases of the two input Signals, but closer to the phase of the 
Second input signal IN. If four Select bits are enabled for 
the Second input signal IN, the phase mixer can output the 
Second input Signal INE. 
0041 Although FIG. 3 is described herein primarily in 
the context of a phase mixer with two input signals 90° apart 
in phase and with Select signals having four Select bits (for 
clarity), the two input signals to the phase mixer can be of 
other degrees apart in phase and have other numbers of 
Select bits. 

0042. There is a limit to the number of possible interme 
diate phases that a single phase mixer can generate. The 
larger the phase difference between the two inputs to the 
phase mixer, the larger the minimum delay adjustment. To 
increase the number of possible intermediate phases that can 
be generated, thus reducing the minimum delay adjustment, 
more than one phase mixer is provided. For example, two 
Stages of phase mixers can be cascaded. In a first Stage, two 
phase mixers each receive the same two input signals. The 
first phase mixer generates a signal having a first phase 
between the phases of the two input Signals, and the Second 
phase mixer generates a signal having a Second phase 
between the phases of the two input Signals. In a Second 
Stage, a third phase mixer receives the outputs of the two 
first-stage phase mixers and generates an output Signal 
having a third phase between the first and Second phases. To 
further reduce the minimum delay adjustment, additional 
Stages of phase mixers can be cascaded. Each Stage, except 
for the last Stage, includes two phase mixers that each 
receives signals generated from phase mixers in an imme 
diately preceding Stage. At the last Stage, one phase mixer is 
used to generate the output signal. With each Stage of phase 
mixers, output signals having Smaller delay adjustments are 
generated. 

0043 FIG. 4 illustrates a phase mixer block 400 having 
two stages of phase mixers. A first Stage 420 includes two 
phase mixers 422 and 426. Phase mixer 422 receives a first 
input signal 402, a Second input signal 404, and a first 
control signal 406. Phase mixer 426 receives first input 
Signal 402, Second input signal 404, and a Second control 
signal 408. Phase mixers 422 and 426 generate respective 
Signals 424 and 428 having phases between the phases of 
input signals 402 and 404. The delay adjustment for the first 
Stage is the phase difference between the two input signals 
(e.g., p(INA)-(p(INE)) divided by the number of possible 
intermediate phases that can be generated (e.g., N): 

d(INA) - (5(INE) (2) 
N 

0044) A second stage 430 includes one phase mixer 432. 
Phase mixer 432 receives as inputS signals 424 and 428 and 
a third control Signal 410, and outputs a signal 434 having 
a phase between the phases of signals 424 and 428. Control 
signals 406, 408, and 410 can each have control bits for 
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determining the weighting factor of each input Signal or 
alternatively, can have control bits for determining the 
weighting factor of one of the input signals (the weighting 
factor of the other input Signal can be determined within 
each phase mixer). The delay adjustment is further reduced 
in the Second Stage by the number of possible intermediate 
phases that can be generated (e.g., N): 

d(INA) - (5(INE) (3) 
N: N2 

0045. As described throughout, each control signal (e.g., 
signal 406, 408, or 410) can include select signals (e.g., 
signals 106/106' and 108/108") that determine the weighting 
factor (e.g., K and 1-K) for each input signal (e.g., Signals 
402/404 or 424/428) to a given phase mixer (e.g., phase 
mixer 422, 426, or 432). The control signal for each phase 
mixer can be the same or different. For example, the control 
signals for different stages (e.g., 420 or 430) can be different 
(e.g., a different number of select bits (N), a different number 
of Select bits enabled (p)). Within a given stage, the control 
Signal for each phase mixer can have the same number of 
select bits (N) with the number of select bits enabled for 
each control Signal differing by one bit So that signals with 
adjacent phases are generated. Alternatively, within the 
given Stage, the control Signal for each phase mixer can have 
a different number of select bits with any suitable number of 
bits enabled for each control Signal. 
0046 FIG. 5 shows a timing diagram 500 illustrating the 
operation of an ideal phase mixer block with Zero propaga 
tion delay. For example, Suppose a first input Signal INA 
(e.g., signal 402) has a phase of 90 and a second input 
Signal IN (e.g., signal 404) has a phase of 180. The phase 
difference between the two input signals is 90. Suppose also 
that in a first stage (e.g., stage 420) a first phase mixer (e.g., 
phase mixer 422) receives a control signal (e.g., Signal 406) 
having four Select bits (e.g., N=4) and a second phase mixer 
(e.g., phase mixer 426) receives a control Signal (e.g., signal 
408) also having four select bits (e.g., N=4). With four select 
bits, each phase mixer can generate an output signal (e.g., 
signal 424 or 428) that has the same phase as either one of 
the input signals or one of three intermediate phases (e.g., 
112.5°, 135, or 157.5) as shown and described in connec 
tion with FIG. 3. 

0047. If the first phase mixer receives three select bits 
(e.g., p=3) enabled for the first input signal INA (e.g., 
K1=%=0.75) and one select bit enabled for the second input 
Signal IN (e.g., 1-K1=0.25), the first phase mixer will 
output a signal 510 having a phase of 112.5. If the second 
phase mixer receives two select bits (e.g., p=2) enabled for 
the first input signal INA (e.g., K2=2/4=0.50) and two select 
bits enabled for the Second input signal IN (e.g., 1-K2= 
0.50), the second phase mixer will output a signal 520 
having an adjacent phase of 1350. 
0.048 Suppose also that in a second stage a third phase 
mixer (e.g., phase mixer 432) receives a control Signal (e.g., 
signal 410) having four select bits (e.g., N=4). With four 
Select bits, the phase mixer can generate an output Signal 
(e.g., signal 434) that has the same phase as either one of the 
input signals or one of three intermediate phases (e.g., 
118.125°, 123.75°, or 129.375°). 

May 26, 2005 

0049. If the third phase mixer receives two select bits 
(e.g., p=2) enabled for first input signal 510 (e.g., K3=%= 
0.50) and two select bits enabled for second input signal 520 
(e.g., 1-K3=0.50), the third phase mixer will output a signal 
530 having a phase of 123.75. 
0050 FIG. 6 illustrates a phase mixer block 600 having 
multiple stages of cascaded phase mixers. Block 600 can 
include different numbers of Stages (e.g., 2, 3,..., T). In a 
first stage 620, block 600 includes two phase mixers 622 and 
626. Phase mixer 622 receives a first input signal 602, a 
second input signal 604, and a control signal 606. Phase 
mixer 626 receives first input signal 602, Second input Signal 
604, and a control signal 608. Phase mixers 622 and 626 
generate respective signals 624 and 628 having phases 
between the phases of input signals 602 and 604. The delay 
adjustment for the first Stage is the phase difference between 
the two input signals divided by the number of possible 
intermediate phases that can be generated (e.g., N) as 
shown in expression (2). 
0051). In a second stage 630, block 600 includes two 
phase mixers 632 and 636. Phase mixer 632 receives signals 
624 and 628 and a control signal 610. Phase mixer 636 
receives signals 624 and 628 and a control signal 612. Phase 
mixers 632 and 636 generate respective signals 634 and 638 
having phases between the phases of Signals 624 and 628. 
The delay adjustment is further reduced in the Second Stage 
by the number of possible intermediate phases that can be 
generated (e.g., N) as shown in expression (3). 
0052 With each subsequent stage, the signals generated 
by the phase mixers have phases with increasingly Smaller 
delay adjustments. In a Second-to-last (e.g., T-1) stage 650, 
block 600 includes two phase mixers 652 and 656. Phase 
mixer 652 receives signals 644 and 648 from an immedi 
ately preceding (e.g., T-2) stage and a control signal 614. 
Phase mixer 656 receives signals 644 and 648 and a control 
signal 616. Phase mixers 652 and 656 generate respective 
signals 654 and 658 having phases between the phases of 
signals 644 and 648. The delay adjustment is further reduced 
in the Second-to-last Stage by the number of possible inter 
mediate phases that can be generated (e.g., Nri): 

d(INA) - (5(INB) (4) 
N: N2: ... : NT 1 

0053) In a last (T) stage 660, block 600 includes one 
phase mixer 662. Phase mixer 662 receives signals 654 and 
658 and a control signal 618. Phase mixer 662 generates an 
output signal 664 having a phase between the phases of 
signals 654 and 658. The delay adjustment is further reduced 
in the last Stage by the number of possible intermediate 
phases that can be generated (e.g., NT). 

d(INA) - (5(INE) (5) 
N: N2: ... : NT 1 : NT 

0054 Control signals 606, 608, 610, 612, 614, 616, and 
618 can each have various numbers of bits and can be 
designed to Set each respective phase mixer with various 
weighting factors of its input signals. While FIGS. 4 and 6 
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have been described herein for clarity primarily in the 
context of using the control Signals to Set respective phase 
mixerS Such that a signal having an intermediate phase is 
generated, Some or all of the phase mixers can be controlled 
to output a signal having the Same phase as one of the input 
Signals depending on the desired phase of the output Signal. 
For example, for Some applications, an input signal may 
need each Stage of a phase mixer block in order to generate 
an output signal having the desired phase while in other 
applications, an input signal may need only Some of the 
Stages of the phase mixer block in order to generate an 
output signal having the desired phase. Alternatively, if not 
all the Stages in the phase mixer block are needed to generate 
a desired output Signal, rather than Sending the Signals 
through each Stage, the output Signal can be routed directly 
to the output from the last Stage needed, thereby bypassing 
the remaining Stages. 
0055 FIG. 7 shows a timing diagram 700 illustrating the 
operation of a phase mixer block having three Stages of 
phase mixers. For example, Suppose that the phase mixers in 
the first Stage receiving input Signals INA and IN and 
generating signals 710 and 720 are similar to that shown and 
described in connection with FIG. 5 (e.g., signals 510 and 
520 correspond with signals 710 and 720, respectively). 
0056 Suppose that in a second stage (e.g., stage 650) a 
third phase mixer (e.g., phase mixer 652) receives a control 
Signal (e.g., Signal 614) having four Select bits (e.g., N=4) 
and a fourth phase mixer (e.g., phase mixer 656) receives a 
control signal (e.g., signal 616) also having four Select bits 
(e.g., N=4). With four Select bits, each phase mixer can 
generate an output signal (e.g., Signals 654 or 658) that has 
the same phase as either one of the input Signals or one of 
three intermediate phases (e.g., 118.125, 123.75, or 
129,375°). 
0057) If the third phase mixer receives two select bits 
(e.g., p=2) enabled for a first input signal 710 (e.g., K= 
% =0.50) and two select bits enabled for a second input 
signal 720 (e.g., 1-K =0.50), the third phase mixer will 
output a signal 730 having a phase of 123.75. If the fourth 
phase mixer receives three Select bits (e.g., p=3) enabled for 
a first input signal 710 (e.g., K=%=0.75) and one select bit 
enabled for a second input signal 720 (e.g., 1-K=0.25), the 
fourth phase mixer will output a signal 740 having an 
adjacent phase of 118.125. 
0.058 Suppose that in a third stage (e.g., stage 660) a fifth 
phase mixer (e.g., phase mixer 662) receives a control signal 
(e.g., signal 618) having four select bits (e.g., N=4). With 
four Select bits, each phase mixer can generate an output 
Signal (e.g., signal 664) that has the same phase as either one 
of the input signals or one of three intermediate phases (e.g., 
approximately 119.53, 120.94, or 122.34). 
0059) If the fifth phase mixer receives three select bits 

(e.g., p=3) enabled for a first input signal 730 (e.g., K=%= 
0.75) and one select bit enabled for a second input signal 740 
(e.g., 1-Ka=0.25), the fifth phase mixer will output a signal 
750 having a phase of about 122.34°. 
0060 Although the examples of FIGS. 5 and 7 are 
described herein for clarity primarily in the context of each 
phase mixer having control Signals with four Select bits, each 
phase mixer can have other numbers of bits and the number 
of bits associated with each phase mixer can be the same, 
different, or any combination thereof. 
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0061 Phase mixer blocks 400 or 600 can perform phase 
mixing for many purposes, Such as, for example, generating 
a signal having a particular phase that is not readily available 
in a given circuit, for fine tuning adjustments of an input 
Signal, and for Synchronizing output data with an external 
clock signal. Phase mixer blocks 400 or 600 can be imple 
mented as discrete circuitry or as part of integrated circuitry. 
For example, phase mixer blocks 400 or 600 can be inte 
grated in a digital delay-locked loop circuit or a frequency 
multiplying digital delay-locked loop circuit. 
0062 FIG. 8 is a block diagram a digital delay-locked 
loop (DLL) circuit 800 having a phase mixer block in 
accordance with the invention. DLL circuit 800 includes two 
variable delay lines 804 and 808 that each receives as input 
a reference Signal 802 and that outputs respective signals 
806 and 810 having a one unit delay (e.g., tUD) difference. 
Although shown as two variable delay lines 804 and 808, 
one variable delay line can be used to generate the two 
Signals having a one unit delay difference. Signals 806 and 
810 are input to a phase mixer block 812. Phase mixer block 
812 can be blocks 400 and 600 having a suitable number of 
Stages of cascaded phase mixers. Phase mixer block 812 
produces an output clock signal 814. Reference signal 802 
and clock signal 814 are input to a phase detector 816 that 
compares the phases of signals 802 and 814 and that outputs 
a signal to control logic 818 indicating whether the phase of 
clock signal 814 should be increased or decreased to better 
match the desired phase of the output Signal. Based on the 
output of phase detector 816, control logic 818 sends a 
control signal 820 to variable delay line 804, a control signal 
822 to variable delay line 808, and one or more control 
signals 824 to phase mixer block 812. 
0063 DLL circuit 800 provides multiple-hierarchical 
delay adjustment. Variable delay lines 804 and 808 provide 
a first delay adjustment of one unit delay (e.g., tUD). Phase 
mixer block 812 provides additional levels of delay adjust 
ment based on the number of Stages of phase mixers. If two 
Stages of phase mixers are provided as shown in FIG. 4, a 
total of three levels of delay adjustment are provided. If T 
Stages of phase mixers are provided as shown in FIG. 6, a 
total of (T+1) levels of delay adjustment are provided. The 
more Stages of phase mixers, the finer the delay adjustment. 
The delay adjustment in DLL circuit 800 can be represented 
by the following: 

tUD (6) 
N: N2: ... : NT 1 : NT 

0064 where N represents the number of possible inter 
mediate phases that can be generated at each Stage of phase 
mixer block 812. 

0065. A digital delay-locked loop circuit is a peripheral 
that can be part of a Semiconductor random access memory 
(RAM) such as dynamic RAM (DRAM) or a synchronous 
DRAM (SDRAM). FIG. 9 shows a system that incorporates 
the invention. System 900 includes a plurality of DRAM 
chips 910, a processor 970, a memory controller 972, input 
devices 974, output devices 976, and optional storage 
devices 978. Data and control signals are transferred 
between processor 970 and memory controller 972 via bus 
971. Similarly, data and control signals are transferred 
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between memory controller 972 and DRAM chips 910 via 
bus 973. One or more DRAM chips 910 include a phase 
mixer block or digital delay-locked loop circuit having the 
phase mixer block in accordance with the invention. Input 
devices 974 can include, for example, a keyboard, a mouse, 
a touch-pad display Screen, or any other appropriate device 
that allows a user to enter information into system 900. 
Output devices 976 can include, for example, a video 
display unit, a printer, or any other appropriate device 
capable of providing output data to a user. Note that input 
devices 974 and output devices 976 can alternatively be a 
Single input/output device. Storage devices 978 can include, 
for example, one or more disk or tape drives. 
0.066 Note that the invention is not limited to DRAM 
chips, but is applicable to other integrated circuit chips that 
implement the phase mixer block or a delay-locked loop 
circuit having the phase mixer block. 
0067 Thus it is seen that a digital delay-locked loop 
circuit with hierarchical delay adjustment is provided. One 
skilled in the art will appreciate that the invention can be 
practiced by other than the described embodiments, which 
are presented for purposes of illustration and not of limita 
tion, and the present invention is limited only by the claims 
which follow. 

1. A method of Signal delay adjustment comprising: 

receiving a first input Signal having a first phase and a 
Second input Signal having a Second phase, 

receiving a first control Signal, a Second control Signal, 
and a third control Signal; 

generating a first signal having a third phase between Said 
first phase and Said Second phase, Said third phase 
determined by Said first control Signal; 

generating a Second Signal having a fourth phase between 
Said first phase and Said Second phase, Said fourth phase 
determined by Said Second control signal; and 

generating a third signal having a fifth phase between Said 
third phase and Said fourth phase, Said fifth phase 
determined by Said fourth control Signal. 

2. The method of claim 1 wherein said first phase and said 
Second phase have a predetermined phase difference. 

3. The method of claim 1 wherein said first control signal 
comprises data indicative of a first weighting factor of Said 
first input signal and a Second weighting factor of Said 
Second input Signal. 

4. The method of claim 1 wherein said second control 
Signal comprises data indicative of a first weighting factor of 
Said first input signal and a Second weighting factor of Said 
Second input Signal. 

5. The method of claim 1 wherein said third control signal 
comprises data indicative of a first weighting factor of Said 
first Signal and a Second weighting factor of Said Second 
Signal. 

6. The method of claim 1 further comprising: 
receiving a reference Signal; 

delaying Said reference signal to generate Said first input 
Signal having Said first phase; and 
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delaying Said reference Signal to generate Said Second 
input signal having Said Second phase, wherein Said 
first phase and Said Second phase have a predetermined 
phase difference. 

7. The method of claim 6 further comprising: 
comparing Said reference Signal with Said third Signal; 
determining whether Said fifth phase of Said third signal 

should be increased or decreased; and 
Setting Said control Signals in response to Said determin 

ing. 
8. A method of Signal delay adjustment comprising: 
receiving a first input signal having a first phase and a 

Second input Signal having a Second phase, 
receiving a first control Signal, a Second control Signal, a 

third control Signal, a fourth control Signal, and a fifth 
control Signal; 

generating a first Signal having a third phase between Said 
first phase and Said Second phase, Said third phase 
determined by Said first control Signal; 

generating a Second Signal having a fourth phase between 
Said first phase and Said Second phase, Said fourth phase 
determined by Said Second control signal; 

generating a third signal having a fifth phase between Said 
third phase and Said fourth phase, Said fifth phase 
determined by Said third control Signal; 

generating a fourth Signal having a sixth phase between 
Said third phase and Said fourth phase, Said Sixth phase 
determined by Said fourth control Signal; and 

generating a fifth Signal having a Seventh phase between 
Said fifth phase and Said Sixth phase, Said Seventh phase 
determined by Said fifth control Signal. 

9. A method of Signal delay adjustment comprising: 
receiving a reference Signal; 
delaying Said reference Signal to generate a first signal 

having a first phase; 
delaying Said reference Signal to generate a Second Signal 

having a Second phase; 
generating a third signal having a third phase between 

Said first phase and Said Second phase; 
generating a fourth Signal having a fourth phase between 

Said first phase and Said Second phase, Said fourth phase 
not equal to Said third phase, and 

generating a fifth Signal having a fifth phase between Said 
third phase and Said fourth phase. 

10. The method of claim 9 further comprising: 
comparing Said reference Signal with Said fifth Signal; 
determining whether Said fifth phase of Said fifth Signal 

should be increased or decreased; and 
adjusting Said fifth phase in response to Said determining. 
11. The method of claim 9 further comprising: 
receiving a first control Signal before Said delaying Said 

reference Signal to generate Said first signal; 
receiving a Second control Signal before Said delaying Said 

reference Signal to generate Said Second Signal; 
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receiving a third control signal before Said generating Said 
third signal; 

receiving a fourth control Signal before Said generating 
Said fourth Signal; and 

receiving a fifth control Signal before Said generating Said 
fifth Signal. 

12. The method of claim 11 wherein: 

Said first control Signal comprises data indicative of Said 
first phase by which said reference Signal is to be 
phase-shifted to generate Said first signal; and 

Said Second control Signal comprises data indicative of 
Said Second phase by which Said reference Signal is to 
be phase-shifted to generate Said Second Signal, 
wherein Said first phase and Said Second phase have a 
predetermined phase difference. 

13. The method of claim 11 wherein said third control 
Signal comprises data indicative of a first weighting factor of 
Said first signal and a Second weighting factor of Said Second 
Signal. 

14. The method of claim 11 wherein said fourth control 
Signal comprises data indicative of a first weighting factor of 
Said first signal and a Second weighting factor of Said Second 
Signal. 

15. The method of claim 11 wherein said fifth control 
Signal comprises data indicative of a first weighting factor of 
Said third signal and a Second weighting factor of Said fourth 
Signal. 

16. A method of Signal delay adjustment comprising: 
a) generating a first output signal having a first phase 
between the phases of first and Second input Signals, 

b) generating a second output signal having a second 
phase not equal to Said first phase between the phases 
of Said first and Second input signals, 

c) repeating a) and b) a predetermined number of times 
greater than one, wherein: 
Said first output signal generated from a preceding Step 

a) is said first input signal in Subsequent steps a) and 
b), and 

Said Second output signal generated from a preceding 
Step b) is said second input signal in said Subsequent 
Steps a) and b); and 

d) generating a third output signal having a third phase 
between Said first phase of Said first output Signal and 
Said Second phase of Said Second output Signal gener 
ated from Step c) after said predetermined number of 
times. 

17. Circuit apparatus comprising: 
a first digital phase mixer having a first input operative to 

receive a first input Signal having a first phase, a Second 
input operative to receive a Second input signal having 
a Second phase, a third input operative to receive a first 
control Signal, and an output, Said first digital phase 
mixer generating a first output signal having a third 
phase between Said first phase and Said Second phase 
based on Said first control Signal; 

a Second digital phase mixer having a first input operative 
to receive Said first input Signal, a Second input opera 
tive to receive Said Second input Signal, a third input 
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operative to receive a Second control Signal, and an 
output, Said Second digital phase mixer generating a 
Second output signal having a fourth phase between 
Said first phase and Said Second phase based on Said 
Second control Signal; and 

a third digital phase mixer having a first input operative to 
receive Said first output Signal, a Second input operative 
to receive Said Second output signal, a third input 
operative to receive a third control Signal, and an 
output, Said third digital phase mixer generating a third 
output signal having a fifth phase between Said third 
phase and Said fourth phase based on Said third control 
Signal. 

18. The apparatus of claim 17 wherein said first control 
Signal comprises data indicative of a first weighting factor of 
Said first input signal and a Second weighting factor of Said 
Second input Signal. 

19. The apparatus of claim 17 wherein said second control 
Signal comprises data indicative of a first weighting factor of 
Said first input signal and a Second weighting factor of Said 
Second input Signal. 

20. The apparatus of claim 17 wherein said third control 
Signal comprises data indicative of a first weighting factor of 
Said first output Signal and a Second weighting factor of Said 
Second output Signal. 

21. The apparatus of claim 17 further comprising a 
variable digital delay line operative to receive a reference 
Signal and a fourth control Signal, and to output Said first 
input signal and said Second input signal, wherein said first 
input Signal and Said Second input signal are phase-shifted 
Signals of Said reference signal based on Said fourth control 
Signal and have a predetermined phase difference. 

22. The apparatus of claim 21 further comprising a phase 
detector operative to receive Said reference Signal and Said 
third output signal, and to output a signal at Said output 
indicative of whether said fifth phase should be increased or 
decreased. 

23. The apparatus of claim 22 further comprising control 
logic operative to receive Said Signal from Said phase 
detector and to output Said control signals. 

24. The apparatus of claim 17 further comprising: 
a first variable digital delay line operative to receive a 

reference Signal and a fourth control signal, and to 
output Said first input signal based on Said fourth 
control Signal; and 

a Second variable digital delay line operative to receive 
Said reference Signal and a fifth control Signal, and to 
output Said Second input Signal based on Said fifth 
control Signal, wherein Said first input signal and Said 
Second input Signal are phase-shifted Signals of Said 
reference Signal and have a predetermined phase dif 
ference. 

25. The apparatus of claim 24 further comprising a phase 
detector operative to receive Said reference Signal and Said 
third output Signal, and to output a signal indicative of 
whether Said fifth phase should be increased or decreased. 

26. The apparatus of claim 25 further comprising control 
logic operative to receive Said Signal from Said phase 
detector, and to output Said control Signals. 

27. Circuit apparatus comprising: 
a first digital phase mixer having a first input operative to 

receive a first input Signal having a first phase, a Second 
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input operative to receive a Second input signal having 
a Second phase, and an output, Said first digital phase 
mixer generating a first output signal having a third 
phase between Said first phase and Said Second phase; 

a Second digital phase mixer having a first input operative 
to receive Said first input Signal, a Second input opera 
tive to receive Said Second input signal, and an output, 
Said Second digital phase mixer generating a Second 
output signal having a fourth phase between Said first 
phase and Said Second phase; 

a third digital phase mixer having a first input operative to 
receive Said first output signal, a Second input operative 
to receive Said Second output Signal, and an output, Said 
third digital phase mixer generating a third output 
Signal having a fifth phase between Said third phase and 
Said fourth phase; 

a fourth digital phase mixer having a first input operative 
to receive Said first output signal, a Second input 
operative to receive Said Second output signal, and an 
output, Said fourth digital phase mixer generating a 
fourth output Signal having a sixth phase between Said 
third phase and Said fourth phase; and 

a fifth digital phase mixer having a first input operative to 
receive Said third output Signal, a Second input opera 
tive to receive Said fourth output signal, and an output, 
Said fifth digital phase mixer generating a fifth output 
Signal having a seventh phase between Said fifth phase 
and Said Sixth phase. 

28. A digital delay-locked loop circuit comprising: 

a first variable digital delay line operative to receive a 
reference signal and a first control Signal, and to output 
a first output signal having a first phase based on Said 
first control signal; 

a Second variable digital delay line operative to receive 
Said reference Signal and a Second control Signal, and to 
output a Second output signal having a Second phase 
based on Said Second control Signal; 

a first digital phase mixer operative to receive Said first 
output Signal, Said Second output Signal, and a third 
control Signal, and to output a third output Signal 
having a third phase between Said first phase and Said 
Second phase based on Said third control Signal; 

a Second digital phase mixer operative to receive Said first 
output signal, Said Second output Signal, and a fourth 
control Signal, and to output a fourth output Signal 
having a fourth phase between Said first phase and Said 
Second phase based on Said fourth control Signal; and 

a third digital phase mixer operative to receive Said third 
output Signal, Said fourth output Signal, and a fifth 
control Signal, and to output a fifth output signal having 
a fifth phase between said third phase and said fourth 
phase based on Said fourth control signal. 

29. The circuit of claim 28 further comprising a phase 
detector operative to receive Said reference Signal and Said 
fifth output Signal, and to output a signal indicative of 
whether said fifth phase should be increased or decreased. 

30. The circuit of claim 29 further comprising control 
logic operative to receive Said Signal from Said phase 
detector, and to output Said control Signals. 
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31. The circuit of claim 28 wherein: 

Said first control Signal comprises data indicative of Said 
first phase by which Said reference Signal is to be 
phase-shifted to generate Said first output signal; and 

Said Second control Signal comprises data indicative of 
Said phase by which said reference Signal is to be 
phase-shifted to generate Said Second output signal, 
where Said first phase and Said Second phase have a 
predetermined phase difference. 

32. The circuit of claim 28 wherein said third control 
Signal comprises data indicative of a first weighting factor of 
Said first output Signal and a Second weighting factor of Said 
Second output Signal. 

33. The circuit of claim 28 wherein said fourth control 
Signal comprises data indicative of a first weighting factor of 
Said first output Signal and a Second weighting factor of Said 
Second output Signal. 

34. The apparatus of claim 28 wherein said fifth control 
Signal comprises data indicative of a first weighting factor of 
Said third output Signal and a Second weighting factor of Said 
fourth output Signal. 

35. Apparatus for Signal delay adjustment comprising: 
means for receiving a first input Signal having a first phase 

and a Second input signal having a Second phase; 
means for receiving a first control Signal, a Second control 

Signal, and a third control Signal; 
means for generating a first Signal having a third phase 

between Said first phase and Said Second phase, Said 
third phase determined by Said first control signal; 

means for generating a Second Signal having a fourth 
phase between Said first phase and Said Second phase, 
Said fourth phase determined by Said Second control 
Signal; and 

means for generating a third Signal having a fifth phase 
between Said third phase and Said fourth phase, Said 
fifth phase determined by Said fourth control Signal. 

36. Apparatus for of Signal delay adjustment comprising: 
means for receiving a reference Signal; 
means for delaying Said reference Signal to generate a first 

Signal having a first phase; 
means for delaying Said reference Signal to generate a 

Second Signal having a Second phase; 
means for generating a third signal having a third phase 

between Said first phase and Said Second phase; 
means for generating a fourth Signal having a fourth phase 

between Said first phase and Said Second phase, Said 
fourth phase not equal to Said third phase; and 

means for generating a fifth signal having a fifth phase 
between Said third phase and Said fourth phase. 

37. Apparatus for Signal delay adjustment comprising: 

a) means for generating a first output signal having a first 
phase between the phases of first and Second input 
Signals; 

b) means for generating a second output signal having a 
Second phase not equal to Said first phase between the 
phases of Said first and Second input Signals, 
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c) means for repeating a) and b) a predetermined number 
of times greater than one, wherein: 
Said first output signal generated from a preceding Step 

a) is said first input signal in Subsequent steps a) and 
b), and 

Said Second output signal generated from a preceding 
Step b) is said second input signal in said Subsequent 
Steps a) and b); and 
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d) means for generating a third output signal having a 
third phase between Said first phase of Said first output 
Signal and Said Second phase of Said Second output 
Signal generated from Step c) after said predetermined 
number of times. 


